The effects of forest fire smoke on sky polarization and animal orientation are practically unknown. Using full-sky imaging polarimetry, we therefore measured the celestial polarization pattern under a smoky sky in Fairbanks, Alaska, during the forest fire season in August 2005. It is quantitatively documented here that the celestial polarization, a sky attribute that is necessary for orientation of many polarizationsensitive animal species, above Fairbanks on 17 August 2005 was in several aspects anomalous due to the forest fire smoke: (i) The pattern of the degree of linear polarization p of the reddish smoky sky differed considerably from that of the corresponding clear blue sky. (ii) Due to the smoke, p of skylight was drastically reduced (p max Յ 14%, p average Յ 8%). (iii) Depending on wavelength and time, the Arago, Babinet, and Brewster neutral points of sky polarization had anomalous positions. We suggest that the disorientation of certain insects observed by Canadian researchers under smoky skies during the forest fire season in August 2003 in British Columbia was the consequence of the anomalous sky polarization caused by the forest fire smoke.
Introduction
Forest fires and their environmental effects constitute important subjects of current research. [1] [2] [3] [4] The disadvantageous effects of smoke and other combustion products of huge and long-lasting forest fires in triggering weather fluctuations and contributing to global climate change cannot be excluded. 1, [3] [4] [5] Apart from causing huge damage to the local economy and biodiversity, as well as health problems to humans, large-scale forest fires also release a huge amount of carbon into the atmosphere, contributing considerably to the annual increase in atmospheric carbon dioxide. 6 -8 The most immediate consequence of forest fires is the diminution of direct solar radiation due to the absorption by smoke, which decreases the solar energy available for plant photosynthesis and solar power plants. 9 The most spectacular consequences of forest fires are some striking color phenomena in the sky visible with the naked eye, like the red sky during the day (Fig. 1) , colorful rings around the Sun, or beautifully colored sunset glows. 10 These atmospheric optical phenomena induced by forest fire smoke are very similar to those caused by dust clouds produced by volcanic eruptions. 10 -12 Although the effects of volcanic dust clouds on the environment are relatively well studied and documented, 10, [13] [14] [15] the effects of forest fire smoke on atmospheric optical phenomena and animal orientation are almost unknown. However, it is likely that a deviating polarization pattern caused by forest fire smoke will have negative effects on navigation performance and motivation to migrate in invertebrate and vertebrate fauna dependent on skylight polarization for compass information. 16 -18 Recently, Johnson et al. 19 reported on the environmental effects of Canadian forest fires in August 2003, when in British Columbia over 1.5 million hectares of forest burned in over 2000 separate fires. Aerosols, consisting of suspended ash particles, concentrated in valleys and moved east onto the prairies. Smoke darkened the sky, and many insects reduced straight-line flying to short distances only. Flights by grasshoppers (Orthoptera: Acrididae) were greatly reduced. A previously uncommon, but locally occurring seed bug (Sphragisticus nebulosus: Hemiptera: Rhyparochromidae) fledged, but delayed flight, building up in large numbers in the southern Alberta grassland. When skies cleared, mass bug migrations invaded the city of Medicine Hat, Alberta, in sufficient numbers to close stores and restaurants.
To understand the polarization characteristics of the smoky sky, we measured the celestial polarization pattern by full-sky imaging polarimetry in Fairbanks, Alaska, during several separate forest fires in the vicinity (Fig. 2) . We document here quantitatively how the celestial polarization, a sky attribute that is necessary for orientation of many polarizationsensitive animal species, 17 changed due to the forest fire smoke. In Section 4, we suggest that the disorientation of insects observed by Johnson et al. 19 under smoky skies was the consequence of the anomalous sky polarization caused by forest fire smoke.
Materials and Methods
The anomalous sky polarization patterns (Figs. 3 The skylight polarization was measured by fullsky imaging polarimetry, the technique, calibration, and evaluation procedure of which have been described in detail by Gál et al. 20 A 180°field of view (full sky) was ensured by a fish-eye lens (NikonNikkor, F ϭ 2.8, focal length of 8 mm) with a built-in rotating disk mounted with three broadband ͑275-750 nm͒ neutral-density linearly polarizing filters (Polaroid HNP'B) with three different polarization axes (0°, 45°, and 90°from the radius of the disk).
The detector was a photoemulsion (Kodak Elite Chrome ED 200 ASA color reversal film; the maxima and half-bandwidths of its spectral sensitivity curves were red ϭ 650 Ϯ 40 nm, green ϭ 550 Ϯ 40 nm, blue ϭ 450 Ϯ 40 nm) in a roll-film photographic camera (Nikon F801). For a given sky, three photographs were taken for the three different directions of the transmission axis of the polarizers. The camera was set on a tripod such that the optical axis of the fish-eye lens was vertical, i.e., pointed to the zenith. After 24-bit (3 ϫ 8 for red, green, and blue) digitization (by a Canon Arcus 1200 scanner) of the three chemically developed color pictures for a given sky and their computer evaluation, the patterns of the radiance I, degree of linear polarization p, and angle of polarization ␣ (or E-vector alignment) of skylight were determined as color-coded, two-dimensional, circular maps, in which the center is the zenith, the perimeter is the horizon, and the zenith angle is proportional to the radius from the zenith (horizon: ϭ 90°, zenith: ϭ 0°). These patterns were obtained in the red, green, and blue spectral ranges, in which the three color-sensitive layers of the photoemulsion used have maximal sensitivity. The degree p and angle ␣ of linear polarization were measured by our polarimeter with an accuracy of ⌬p ϭ Ϯ1% and ⌬␣ ϭ Ϯ2°, respectively.
The theoretical ␣ patterns of the clear sky (Figs. 3B, 4B, and 5B) were calculated on the basis of the model of Berry et al., 21 which provides a good quantitative approximation of experimental clear sky ␣ patterns, particularly with respect to the existence of neutral points. The model has three parameters to be freely set: two for the Sun position (solar zenith and azimuth angles) and one for the angular distance (digression) between the Arago and the Brewster neutral points. In our case, the theoretical ␣ patterns were computed according to the position of the Sun as it appears on the photographs (Figs. 3A and 5A) or estimated on the basis of the exact time and geographical coordinates of the site of measurements (Fig. 4A) . The digression between the Arago and Brewster points was set to 40°. Thus the theoretical ␣ patterns in Figs. 3B, 4B, and 5B show how the celestial E-vector distribution at the time of measurements were expected to appear under clear-sky conditions without the atmospheric effect of the forest fire smoke and smoke-induced fog.
The noisiness n of a given ␣ pattern (Table 1 ) was calculated as follows: The ␣ patterns were scanned throughout with a window of 5 pixels ϫ 5 pixels, in which the standard variance ͑ 2 ͒ of the angle of polarization ␣ was calculated, and then the average of the standard variances of all 5 pixel ϫ 5 pixel windows was obtained. Finally, this value was normalized to that of white noise calculated with the same method. Thus, noisiness n of an ␣ pattern denotes how noisy it is compared with the white noise (n ϭ 0%: no noise, n ϭ 100%: white noise). 
Results
On 17 August 2005, the sky above Fairbanks was cloudless, but smoky and foggy ( Figs. 1 and 2 ). The Sun disk was visible from 10 to 18 h, but during the fourth (last) polarimetric measurement, at 20:20 h, the Sun was not discernible due to the thick smoke and fog and the low solar elevation. The sky color was whitish gray with a slight pink tint (Figs. 1, 3A, and 4A). The radiance I of the reddish skylight was highest in the red spectral range, lower in the blue, and lowest in the green (Table 1) . Contrary to the anomalous pink sky color, the nonanomalous, clear sky above the arctic ice was blue (Fig. 5A) ; its radiance increased considerably with decreasing wavelength (Table 1) .
The degree of linear polarization p of light from the smoky sky was also anomalous, because it was very low in all three spectral ranges (Table 1) : Depending on the wavelength and time, the average of p changed between 4% and 8%, and the standard deviation of p ranged from 3% to 6%. Contrary to this, the average p of light from the clear, nonanomalous sky was between 21% and 34% (Table 1) , and its maximum was higher than 67% in the red spectral range (Fig. 5C ). The distribution of p in the smoky sky was also atypical (Figs. 3C-3E, 4C-4E): at 90°from the Sun the celestial band with highest p did not occur in the p patterns, and the spatial distribution of p was nearly cylindrically symmetric around the zenith. The p of nonanomalous, clear skies is maximal at 90°from the Sun, and it decreases gradually to zero toward the neutral points (Fig. 5C-5E ).
Under normal atmospheric conditions the Arago, Babinet, and Brewster neutral (unpolarized) points of the sky are positioned at the cross sections of the solar and antisolar meridians and the iso-lines with ␣ ϭ Ϯ45°(Refs. 10, 17, and 22) (Figs. 3F-3H, 4F-4H, 5F-5H). This iso-line between the sky region characterized by ϩ45°Ͻ ␣ Ͻ ϩ135°and the celestial area characterized by Ϫ45°Ͻ ␣ Ͻ ϩ45°is called the neutral line because it crosses the neutral points. Another anomaly of the smoky sky was that at 15:01 h (Fig. 3F-3H ), 16:25 h, and 18:02 h beside the Babinet neutral point the Arago neutral point appeared in the sky, although for the relatively high solar elevations at these times, the Brewster neutral point should have been detectable instead under clear, nonanomalous sky conditions (Fig. 3B ). Only at 20:20 h (Figs. 4B, 4F-4H) was this anomaly not observed. Under normal conditions either the Babinet and Brewster points or the Babinet and Arago points (Figs. 5B-5H ) are visible. 10, 17 A further deviation from the normal conditions was that in the smoky sky (Figs. 3F-3H, 4F-4H ) the zenith angles of the Arago and Babinet neutral points decreased with increasing wavelength, while in the normal sky, the zenith angles of the Babinet and Arago points increase with increasing wavelength (Figs. 5B-5H) . Furthermore, at 15:01 h (Fig. 3F-3H ) in the green part of the spectrum, the Babinet point approximately coincided with the solar position, and in the blue the Babinet point was farther from the zenith than the Sun. These features are anomalous because under normal atmospheric conditions (Fig.  3B ) the zenith angle of the Babinet point is always smaller than that of the Sun in all spectral ranges. In Fig. 3G , the Sun is at the border of sky regions with ϩ45°Ͻ ␣ Ͻ ϩ135°and Ϫ45°Ͻ ␣ Ͻ ϩ45°, whereas in Fig. 3H , the Sun is within the eight-shaped sky region characterized by ϩ45°Ͻ ␣ Ͻ ϩ135°, a phenomenon that never occurs under normal conditions. 17 The noisiness of the patterns of the angle of polarization ␣ (Figs. 3F-3H , 4F-4H) of smoky skies was also considerably different from that of the normal clear sky (Figs. 3B, 4B , 5F-5H). According to Table 1 , the noisiness n of the ␣ pattern of smoky skies ranged from 20% to 48%. Contrary to these large n values, under clear-sky conditions the noisiness n of ␣ changed between 3% and 6% (Table 1) .
Discussion and Conclusions

A. Smoke-Induced Anomalous Sky Polarization above Fairbanks during Forest Fires
The two most useful parameters of skylight polarization in indicating atmospheric conditions are the maximum p max of the degree of linear polarization p and the positions of the neutral points. 10, 13 Considering these characteristics, the major attributes of the polarization patterns of cloudless, clear, aerosol-poor, normal skies (Fig. 5) are the following 10, 17, 22 :
Y In daytime the normal skylight is blue, and its color saturation increases with increasing angular distance ␥ from the Sun and͞or anti-Sun. Thus the blueness of the day sky is deepest at 90°from the Sun and͞or anti-Sun. Increasing aerosol concentration results in decreasing color saturation.
Y The degree of linear polarization p of normal skylight reaches its maximum p max at 90°from the Sun along the antisolar meridian. Aerosols usually decrease p max due to multiple scattering. p max decreases with decreasing wavelength, but its typical values remain high, ranging between 60% and 85%.
Y The noisiness n of the angle of polarization ␣ of normal skylight is low.
Y The Sun and anti-Sun are always placed in the sky regions characterized by Ϫ45°Ͻ ␣ Ͻ ϩ45°.
Y The Babinet neutral point is placed along the solar meridian, at approximately 15°-25°above the Sun. The Arago neutral point occurs along the antisolar meridian, at approximately 15°-25°above the anti-Sun.
Y The zenith angles of the Arago and Babinet neutral points decrease with decreasing wavelength.
Y The symmetry axes of the iso-lines of ␣ (i.e., characterized by ␣ ϭ constant) in the solar and antisolar halves of the sky are parallel to each other and coincide with the solar and antisolar meridians. Y p of skylight was drastically reduced due to the smoke particles enhancing multiple scattering: p was not higher than 14%; the maximum of p averaged on the full sky was as low as 8% (Table 1) .
Y The ␣ noisiness n of skylight polarization was anomalously high (Table 1) .
Y Depending on wavelength and time t, the Sun was anomalously placed in the sky regions with ϩ45°Ͻ ␣ Ͻ ϩ135° (Fig. 3H) . Y Depending on and t, the Babinet neutral point was anomalously positioned below the Sun (Fig. 3H) .
Y Depending on t, the zenith angles of the Arago and Babinet neutral points changed anomalously with (Figs. 3F-3H, 4F-4H ). Y In three cases from the four measurements, the Arago point appeared in the sky instead of the Brewster point.
According to Coulson, 10 the extreme sensitivity of the Babinet point to aerosols makes it particularly useful for detecting atmospheric turbidity for whatever cause. In the smoky sky above Fairbanks, we also experienced the anomaly in the position of the Babinet point. From the above, we conclude that the polarization of the sky above Fairbanks on 17 August 2005 was in several aspects anomalous. Note that the fog itself might have also been induced by the smoke: The smoke particles could function as centers of condensation.
Many polarization-sensitive animals (arthropods, fish, amphibians, reptiles, and birds) use the polarization pattern of skylight for orientation. 17 If this pattern changes drastically, as described in this work, animals orienting on the basis of sky polarization could easily go astray. An anomalous polarization pattern could also reduce the motivation to migrate, such that the invertebrate and vertebrate fauna would avoid migration and potentially be trapped in areas where their survival would be threatened by direct exposure to the fire. We suggest that the disorientation of insects observed by Johnson et al. 19 under smoky skies might be the consequence of such anomalous sky polarization. Considering orientation, the most disturbing effect could be that the degree of linear polarization p of light from smoky skies is very low. If p is lower than the species-dependent threshold p* of polarization sensitivity, the skylight polarization cannot be detected. Honey bees (Apis mellifera) and field crickets (Gryllus campestris), for example, possess p* Ϸ 10% and 5%, respectively. 17 Since CO 2 is highly toxic, and thus repellant to insects, one could imagine that the insects observed by Johnson et al. 19 became disoriented not only because of the anomalous sky polarization caused by the smoke, but also partly due to the gases released by the forest fire. In the future, it would be worth studying in detail how and why the orientation behavior of animals that use celestial polarization changes at times when the sky is covered by forest fire smoke. It would also be interesting to investigate how their behavior is influenced by dust emissions and volcanic eruptions. Dust alone, for example, fine particles in the air after a storm, would probably have a different effect on insects, because CO 2 and other gases accompanying forest fires would not be present.
B. Earlier Observations on Anomalous Sky Polarization due to Volcanic Dust Clouds
It is well known that the material injected into the upper atmosphere by large volcanic eruptions can cause many optical effects. Occasionally, the sky and͞or the disk of the Sun or Moon have been observed to have a green, blue, violet, yellow, or red cast. 10 The dust clouds produced by the four largest volcanic eruptions (Krakatoa, Katmai, Agung, and El Chichon), for example, had the following major effects upon sky polarization:
Y The volcanic dust cloud produced by the eruptions of the mountain Krakatoa in the Sunda Straits between Sumatra and Java in 1883 caused a considerable reduction of the degree of linear polarization p of skylight, which could still be observed even about a year after the eruptions. 10 Cornu, 23 for example, measured a maximum p value of only ϳ5% (instead of the normal 75%) on clear days at 90°from the Sun along the antisolar meridian when the Krakatoa dust cloud was over the observation site. He also observed that p of skylight was lower in the red than in the blue part of the spectrum. The normal situation in the clear atmosphere is the reverse of this. According to Cornu's observations, 23 the Arago, Babinet, and Brewster neutral points were significantly displaced, and he found four other neutral points lying outside the solar-antisolar meridian: One neutral point was found on either side of the Sun at an angle of more than 20°from the Sun at about the same elevation as the Sun. In the green, the neutral points were indistinct, and in the blue, they moved close to the Sun. The other two neutral points were situated symmetrically on either side of the antisolar point and at about the same elevation.
Y 27, 28 observed that p of skylight at 90°from the Sun along the antisolar meridian decreased (by a maximum of 27%) and the positions of the neutral points shifted due to the volcanic dust cloud. The Babinet point, for instance, shifted by up to 17°farther from the Sun.
Y In 1963, the Mount Agung volcano erupted on the island of Bali, Indonesia. Shah 29 observed a considerable decrease of p of skylight at the zenith due to the dust cloud in 1963 and 1964 at Ahmedabad, India.
Y In 1982, the mountain El Chichon in Mexico broke out. Its effect on sky polarization was thoroughly documented at the Mauna Loa Observatory. 10, 12 During the densest period of the dust cloud the Babinet neutral point was positioned at the zenith when the Sun was 3°above the horizon. After sunrise, p of skylight was low ͑p max Ͻ 20%͒ throughout the day over the entire sky at 700 nm (red). Under normal conditions, the angular distance of the Arago point from the antisolar point was approximately 17°-18°and underwent little change with Sun elevation. Due to the El Chichon dust cloud, this angle of the Arago point from the anti-Sun considerably increased (by over 11°at 700 nm) in comparison with normal conditions. The angle of the Babinet point from the Sun also increased very much (by over 50°at 700 nm). Sometimes the Babinet point completely disappeared, and a second, anomalous neutral point appeared between the Babinet point and the Sun because of the dense turbidity of the atmosphere. The situation had returned more or less to normal by the end of 1983. Earlier, researchers observed the following anomalies of sky polarization and neutral points induced by fog, dust, smoke, haze, and smog:
Y Under unusual atmospheric conditions, anomalous, additional neutral points have been observed, and in some cases they were located outside the solar-antisolar meridian. In fog or haze over the surfaces of lakes, Soret 30 symmetrically observed one neutral point on either side of the Sun and the antiSun at about the same elevation as the Sun.
Y Dust in the atmosphere usually results in a strong decrease of p max of skylight polarization, particularly at the longer wavelengths. 10 The result is that p becomes smaller in the red than in the blue, which is the reverse of the normal situation. In dusty atmospheres, the maximum of p is generally shifted by a few degrees from its normal position (90°from the Sun).
Y Under conditions of smoke from agricultural fires prevalent in the low levels of the atmosphere near Davis, California, Coulson 10 observed a significant decrease of p at 400 and 800 nm, especially at the former wavelength, for which p was much smaller than that for the latter. The smoke particles from such low-temperature fires are rich in carbonaceous materials and are thus highly absorbing. The absorption minimizes multiple scattering, which itself would tend to increase p. However, the heavy burden of aerosols in such conditions would be more influential in the polarizational field than would Rayleigh scattering, the result being the low p values observed, particularly at 400 nm.
Y Haze and͞or photochemical smog considerably decreases p, especially for longer wavelengths due to the effects of aerosols. 10 Our full-sky imaging polarimetric data gathered in Fairbanks during the Alaskan forest fire season in August 2005 complete these earlier observations and sporadic point-source polarimetric measurements. Since the changes of skylight polarization were induced always by atmospheric aerosols (dust or fog or haze or smog particles) in all mentioned cases, the underlying physics, i.e., scattering of sunlight on aerosol particles, was always the same. Furthermore, the anomalous charateristics of the sky polarization patterns measured by us can explain the disorientation of polarization-sensitive insects observed by Johnson et al. 19 during Canadian forest fire seasons. Thus, large-scale forest fires may not only have a direct negative effect on habitat availability and mortality in animal populations but also could influence the animals' ability to navigate and escape from the dangers of the fire itself. On a more regional scale, we cannot exclude that forest fires can have a negative effect on animal migration systems in which migration between different habitats is crucial for the survival of the migrants. 31 Gál et al. 32 showed that the polarization pattern of the moonlit clear night sky is practically the same as that of the sunlit clear sky, if the position of the Moon and Sun is the same. Thus we expect that forest fire smoke has similar effects on the sky polarization during day and night.
